To clarify the prevalence of canine intracranial tumors in Japan, a retrospective study was performed using data on 186 canine intracranial tumors. Of 186 cases, 159 cases (85.5%) were primary and 27 cases (14.5%) were secondary intracranial tumors. Among primary intracranial tumors, meningioma (50.9%) was the most common, followed by glial tumors (21.4%) and primary intracranial histiocytic sarcoma (12.6%). These 3 tumors were most frequently found in middle-aged to elderly dogs without any sex predilection. Regarding glial tumors, the incidence of oligodendroglial tumors (79.4%) was higher than that of astrocytic tumors (17.6%). A significant breed predisposition (P<0.05) was observed for meningioma in Rough Collie, Golden Retriever, Miniature Schnauzer, and Scottish Terrier; for glial tumors in Bouvier de Flandres, French Bulldog, Newfoundland, Bulldog, and Boxer; for primary intracranial histiocytic sarcoma in Pembroke Welsh Corgi, Siberian Husky, and Miniature Schnauzer. The high incidence of oligodendroglial tumors in dogs and the breed predisposition for primary intracranial histiocytic sarcoma in Pembroke Welsh Corgi have not been reported in previous epidemiological studies on canine tumors. Since the incidence of intracranial tumors was vary among dog breeds, the present results demonstrate the uniqueness of the canine breed population in Japan.
doi: 10.1292/jvms. Life Sciences, The University of Tokyo was searched for dogs with a diagnosis of intracranial tumors between 2007 and 2017. As a referral diagnostic center of neuropathology, intracranial tumor cases were submitted to our institution from veterinary clinics across Japan, covering a wide geographic region (Honshu, Shikoku, and Kyusyu islands). Biopsy and necropsy cases with a diagnosis of intracranial tumors occurring in the brain, pituitary gland, and meninges were both examined. Parameters reviewed were breed, age at the time of diagnosis, sex, anatomical site of the tumor, and histological type. The anatomical site of the tumor was recorded based on CT, MRI, and/or post-mortem examinations. The ages of dogs were categorized as 0-3, >3-5, >5-7, >7-9, >9-11, >11-13, >13-15, and >15.
Histology slides were reviewed and diagnosed on consensus of 3 Japanese College of Veterinary Pathologists board-certified pathologists (T.E.K, J.K.C., and K.U.), according to the WHO classification of domestic animals [11] . Intracranial tumors were divided into primary and secondary. Primary tumors were defined as those without any extracranial tumor occurrence and were classified as per the established criteria. Lymphoma and histiocytic sarcoma were also included in primary intracranial tumors if the lesions were confined to the brain. Secondary intracranial tumors were defined as those metastasized from other parts of the body. Tumors that originated from neural and non-neural tissues adjacent to the brain and affected the brain by expansion were also included in the secondary intracranial tumor category. The presence of other tumors unrelated to intracranial tumors was confirmed based on a clinical or postmortem examination. Additionally, immunohistochemistry was performed as deemed necessary to confirm the histopathological diagnoses and subtyping of intracranial tumors. Primary antibodies are detailed in Table 1 .
Statistical analyses were performed using IBM ® SPSS ® Statistics version 23 (IBM SPSS, Armonk, NY, USA). Pearson's chi-squared test and likelihood ratio test were used to investigate the breed and sex predisposition in canine intracranial tumors. Results were reported as odds ratios (OR) with its associate confidence interval (CI), and P<0.05 was considered to be significant. Additionally, cases of choroid plexus tumors, intracranial lymphomas, embryonal tumors, pituitary tumors, and secondary intracranial tumors were excluded from statistical analyses due to the small number of samples.
RESULTS
During the 11 years that the study covered, 9,270 canine cases were histopathologically examined and included 4,580 males (2,168 neutered and 2,412 intact), 4,571 females (2,666 neutered and 1,905 intact), and 119 unknown. A total of 186 cases (2.0%) were diagnosed with intracranial tumors; 159 cases (85.5%) were primary and 27 cases (14.5%) were secondary intracranial tumors. The relative frequency, age, and sex distributions of each tumor type were summarized in Table 2 . The three most common histopathological types of primary intracranial tumors were meningioma (n=81; 50.9%), glial tumors (n=34; 21.4%), and histiocytic sarcoma (n=20; 12.6%). Primary intracranial tumors were most frequently found between the ages of 11 and 13 years, representing 29.4% (n=45) of all canine primary intracranial tumor cases. There was no significant sex predilection for primary intracranial tumors (P=0.990).
One hundred and twenty-seven dog breeds were represented during the term. Miniature Dachshund (n=1,420; 15.3%), mixed breed dog (n=852; 9.2%), Toy Poodle (n=527; 5.7%), Shih Tzu (n=456; 4.9%), Chihuahua (n=443; 4.8%), Golden Retriever (n=426; 4.6%), Pembroke Welsh Corgi (n=422; 4.6%), Labrador Retriever (n=406; 4.4%), Beagle (n=341; 3.7%), Shiba-Inu (n=339; 3.7%), Yorkshire Terrier (n=320; 3.5%), and French Bulldog (n=293; 3.2%) were the most common breeds. Other dog breeds were represented at less than 3%. French Bulldog (n=25 of 293; P<0.0001), Rough Collie (n=2 of 6; P<0.0001), Miniature Bull Terrier (n=1 of 2; P<0.0001), Bouvier des Flandres (n=1 of 4; P=0.0003), Miniature Schnauzer (n=11 of 241; P=0.0006), Pembroke Welsh Corgi (n=16 of 422; P=0.0008), Golden Retriever (n=16 of 426; P=0.0009), Siberian Husky (n=3 of 33; P=0.0011), Miniature Dachshund (n=13 of 1,420; P=0.0171), Newfoundland (n=1 of 9; P=0.0299), and Basset Hound (n=1 of 10; P=0.0435) were at a higher risk of developing primary intracranial tumors than the rest of the canine population. 
Meningioma
Meningioma represented 50.9% of primary intracranial tumors, with an overall prevalence of 0.87% of the total population. Meningiomas were most frequently found between the ages of 11 and 13 years, representing 32.1% (n=25) of all canine meningioma cases ( Table 2 ). There was no sex predilection (P=0.827). Statistical analyses showed that Rough Collie, Golden Retriever, Miniature Schnauzer, and Scottish Terrier had a significantly higher risk of meningioma (P<0.05) than the rest of the total canine population ( Table 3 ). Occurrence sites of meningiomas were recorded in 63 dogs and included the cerebrum in 50 cases (79.4%), cerebellum in 6 cases (9.5%), brain stem in 5 cases (7.9%), and multiple regions in 2 cases (3.2%). As for cerebral meningiomas, 34 cases (68.0%) were located in the frontal region including the olfactory bulb and frontal lobe, 5 cases (10.0%) were located in the parietal lobe, and 3 cases (6.0%) were located in the temporal lobe. In 8 cases (16.0%), tumors were located in multiple cerebral lobes.
Histopathological subtypes of meningioma were identified in 73 of the 81 cases, according to the WHO classification of tumors in domestic animals [11] . Forty cases (54.8%) were diagnosed as benign and 33 cases (45.2%) as anaplastic. Of benign meningiomas, the meningothelial type was the most common (n=23; 57.5%), followed by the transitional (n=6; 15.0%), granular cell (n=4; 10.0%), psammomatous (n=3; 7.5%), fibrous (n=2; 5.0%), and papillary (n=2; 5.0%) types. The myxoid and angiomatous types were not found in the present study.
Glial tumors
Glial tumors represented 21.4% of primary intracranial tumors, with an overall prevalence of 0.37% in the total population. Among glial tumors, the most common histopathological subtype was oligodendroglial tumors (79.4%; 2 oligodendrogliomas and 25 anaplastic oligodendrogliomas), followed by astrocytic tumors (17.6%; 1 astrocytoma, 1 anaplastic astrocytoma, and 4 glioblastomas) and gliomatosis cerebri (2.9%; 1 case). Glial tumors were most frequently found between the ages of 11 and 13 years, representing 27.3% (n=9) of all canine glial tumor cases ( Table 2 ). The mean ages of dogs with oligodendroglial tumors and astrocytic tumors were 9.2 and 8.7 years, respectively. There was no sex predilection (P=0.597). Statistical analyses showed that Bouvier de Flandres, French Bulldog, Newfoundland, Bulldog, and Boxer had a higher risk of glial tumors (P<0.05) than the rest of the total canine population ( Table 4 ). Information on tumor occurrence sites was available for 29 out of 34 glial tumor cases. Among the 29 cases, glial tumors mostly occurred in the cerebrum (n=27; 93.1%), while others were in multiple regions (n=2; 6.9%). Regarding cerebral glial tumors, the frontal lobe was the most commonly affected site (n=11; 40.7%), followed by the temporal (n=7; 25.9%), parietal (n=2; 7.4%), piriform (n=2; 7.4%), and occipital (n=1; 3.7%) lobes, respectively. Four cases (14.8%) had a diffuse lesion widely invading the cerebrum.
Primary intracranial histiocytic sarcoma
Primary intracranial histiocytic sarcoma (PIHS) represented 12.6% of primary intracranial tumors, with an overall prevalence of 0.22% in the total population. These tumors were most frequently found between the ages of 11 and 13 years, representing 30.0% (n=6) of all canine PIHS cases. There was no sex predilection (P=0.996) ( Table 2 ). Statistical analyses showed that Pembroke Welsh Corgi, Siberian Husky, and Miniature Schnauzer had a significantly higher risk of PIHS (P<0.05) than the rest of the total canine population ( Table 5 ). Information on the tumor location was available in 16 out of 20 PIHS cases. In the 16 cases, PIHS only occurred in the cerebrum (n=16; 100.0%). The temporal lobe was the most commonly affected (n=4; 25.0%), followed by the frontal (n=3; 18.8%), parietal (n=2; 12.5%), and occipital (n=2; 12.5%) lobes. Five cases (31.3%) had diffuse lesions in wide areas of the cerebrum. 
Choroid plexus tumors
Choroid plexus tumors represented 5.0% of primary intracranial tumors, with an overall prevalence of 0.09% in the total population. These tumors were histologically classified into 5 choroid plexus papillomas (62.5%) and 3 choroid plexus adenocarcinomas (37.5%). Choroid plexus tumors were most frequently found between the ages of 5 and 7 years, representing 37.5% (n=3) of all canine choroid plexus tumor cases ( Table 2 ). This tumor was identified in mixed breed dog (n=2; 25.0%), followed by Golden Retriever (n=1; 12.5%), Flat Coated Retriever (n=1; 12.5%), Labrador Retriever (n=1; 12.5%), Miniature Bull Terrier (n=1; 12.5%), Jack Russell Terrier (n=1; 12.5%), and Toy Poodle (n=1; 12.5%). Information on tumor locations was available for 7 out of 8 cases. Among the 7 cases, the tumor occurred most commonly in the fourth ventricle (n=4; 57.1%), followed by the lateral (n=2; 28.6%) and third (n=1; 14.3%) ventricles.
Intracranial lymphoma
Intracranial lymphoma represented 4.4% of primary intracranial tumors, with an overall prevalence of 0.08% in the total population. Five cases were immunohistochemically classified as T-or B-cell types. Of the 5 cases, 4 cases were T-cell lymphoma and 1 case was B-cell lymphoma. Labrador Retriever was the most affected breed (n=3; 42.9%), followed by Siberian Husky (n=1; 14.3%), Basset Hound (n=1; 14.3%), Miniature Schnauzer (n=1; 14.3%), and Pembroke Welsh Corgi (n=1; 14.3%). Canine intracranial lymphoma occurred most commonly in the cerebrum (n=6 of 7; 85.7%), followed by the cerebellum (n=3; 42.9%), mesencephalon (n=1; 14.3%), and medulla oblongata (n=1; 14.3%). Six cases (85.7%) had multiple lesions widely invading the brain and 1 case (14.3%) had a focal lesion in the brain.
Other intracranial tumors
Embryonal tumors represented 3.8% of primary intracranial tumors, with a prevalence of 0.06% among the total population. These tumors were histologically classified into 3 olfactory neuroblastomas (50.0%), 1 neuroblastoma (16.7%), 1 medulloblastoma (16.7%), and 1 primitive neuroectodermal tumor (16.7%). Among these tumors, Miniature Dachshund was the most affected breed (n=3; 50.0%), followed by French Bulldog (n=1; 16.7%), Miniature Schnauzer (n=1; 16.7%), and Shetland Sheepdog (n=1; 16.7%).
Pituitary tumors represented 1.9% of primary intracranial tumors, with a prevalence of 0.03% among the total population. These tumors were histologically classified into 1 pituitary adenoma (33.3%) and 2 pituitary adenocarcinomas (66.7%). The tumor was identified in mixed breed dog (n=1; 33.3%), Pembroke Welsh Corgi (n=1; 33.3%), and Shiba-Inu (n=1; 33.3%).
Secondary intracranial tumors
Secondary intracranial tumors represented 14.5% of all intracranial tumors, with an overall prevalence of 0.29% among the total population. There were 16 metastatic/invasive sarcomas including round cell tumors (59.3%) and 11 metastatic carcinomas (40.7%). The most common secondary intracranial tumor was lymphoma (n=8; 29.6%), followed by osteosarcoma (n=4; 14.8%), hemangiosarcoma (n=2; 7.4%), histiocytic sarcoma (n=2; 7.4%), and mammary gland adenocarcinoma (n=2; 7.4%). These tumors were most frequently found between the ages of 13 and 15 years, representing 38.5% (n=10) of all canine secondary intracranial tumor cases (Table 2 ). Sex predilection was not detected (P=0.837). Secondary intracranial tumors were identified in 15 different breeds. Those most commonly represented were mixed breed dog (n=6; 22.2%), followed by Labrador Retriever (n=3; 11.1%), Beagle (n=2; 7.4%), Chihuahua (n=2; 7.4%), Miniature Dachshund (n=2; 7.4%), Pembroke Welsh Corgi (n=2; 7.4%), and Shiba-Inu (n=2; 7.4%). Information on tumor locations was available in 22 out of 27 secondary intracranial tumor cases. Tumors most commonly affected the cerebrum (n=19; 86.4%), followed by the cerebellum (n=7; 31.8%). Ten cases (45.5%) had multiple lesions widely invading the brain. 
DISCUSSION
The incidence of canine intracranial tumors has been reported to vary among studies performed in different regions and periods of time. A study on dogs living in Alameda and Contra Costa County of California (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) reported that the incidence of canine intracranial tumors was 14.5 cases/100,000 [21] , while a study in the United Kingdom (1997) (1998) reported an incidence of 20 cases/100,000 [4] . In contrast, another recent retrospective study suggested that the incidence of intracranial tumors was markedly higher than originally expected [23] . A retrospective single-center study from the University of Pennsylvania indicated that in a population of 9,574 dogs undergoing necropsy, 4.5% had primary intracranial tumors [23] . In the present study, the incidence of canine intracranial tumors (186 cases/9,270, 2.0%) was closer to the latest findings. However, since this was a singleinstitution study, there may be a bias of sample collection, such as the proportion of neuropathology cases to all cases, which may be higher at our institution than at other institutions in Japan. To the best of our knowledge, this is the first survey on canine intracranial tumors in Japan.
In the present study, the relationship between the incidence of primary intracranial tumors and dog breeds was examined. Previous studies reported a predisposition for the occurrence of primary intracranial tumors in certain large-sized dog breeds, such as Boxer, Golden Retriever, Old English Sheep dog, and Doberman Pinscher [4, 7, 15, 21, 23] . In contrast to previous findings, the present study showed the predisposed occurrence of primary intracranial tumors in small-and middle-sized breeds. This difference was considered to be associated with the breed population and breeding system in Japan where small-and middle-sized dogs are commonly bred [10] .
The WHO classification of tumors of domestic animals is a simple and practical classification system for routine diagnosis; however, limited information is currently available on the clinical and molecular features of each tumor [11] . It has been an important reference for pathological diagnoses and epidemiological studies over the past two decades. In order to compare epidemiological findings with previous studies, this classification was adopted to classify intracranial tumors in the present study.
Meningioma is an extra-axial central nervous system tumor of arachnoid cap cells of the dura within the cranial space [8, 17] . Consistent with previous findings, meningioma was the most common intracranial tumor (50.9%) in dogs also represented in this study [17, 22, 23] . Some results in the present study, including the most commonly affected age (middle-aged to older dogs) and location (rostral cerebrum), were consistent with those in a previous study [17] . In humans, meningioma has a clear female predilection [12] , which is considered to be associated with the expression of female hormone receptors in tumor cells [2] . Canine meningioma also expresses female hormone receptors [1, 13] ; however, the sex predilection observed in human cases was not observed in the present or previous canine studies [17, 22, 24] . Based on the results of the present study, Golden Retriever, Miniature Schnauzer, and Rough Collie have a higher risk of developing meningioma than other dog breeds. This result is consistent with previous findings [22, 23, 27] . Moreover, the present study identified Scottish Terrier as a predisposed breed for meningioma, which has not been reported to date. Meningioma exhibits variable morphological patterns; however, its biological behaviors are generally considered to be benign in the dog with the exception of the anaplastic type [11] . In the present study, meningothelial (57.5%) and transitional (15.0%) meningiomas were the two major benign histological types in the dog. This result coincides with the findings obtained in a previous study on canine meningioma [19] . The incidence of anaplastic meningioma in the present study was 45.2% (33/73), which is higher than that of anaplastic meningioma (27.2%; 6/22) reported in a previous study [19] .
Glial tumors are divided into astrocytic and oligodendroglial tumors [8, 11] . The incidence of glial tumors of 21.4% is slightly lower than that in other countries (36.6%). In the present study, glial tumors most commonly affected middle-aged to elderly dogs with no sex predilection. The most frequently affected area of the brain was the cerebrum, particularly the frontal lobe, which was consistent with previous findings [8, 23] . Boxer, Bulldog, Boston Terrier, English Bulldog, and Bullmastiff are known to be predisposed to glial tumors [8, 11, 22, 23] . The present study also identified brachycephalic breeds (French Bulldog, Bulldog, and Boxer) as those predisposed to developing glial tumors. Additionally, this study identified Newfoundland as a predisposed breed for glial tumors. Many of these breeds are Mastiff-type breeds [18, 20, 26] . Therefore, genetic factors are likely to be involved in the development of canine gliomas. The incidence of oligodendroglial tumors in the present study (79.4%) was markedly higher than that of astrocytic tumors, which was inconsistent with previous findings [22] . Boxer and Boston Terrier are known to have a higher risk of developing astrocytic tumors than other dog breeds [6, 8, 23] . Since only a small number of these breeds was included in the present study, the difference in the incidence of astrocytic tumors between Japan and other countries was considered to be caused by different breed populations.
PIHS originates from resident dendritic cells in either the meninges or choroid plexus [3, 9, 14, 16] . Although this tumor has been reported as an uncommon tumor in the dog (approximately 2.0%) [22, 23] , it was the third most common tumor type in the present study (12.6%). PIHS most commonly affected middle-aged to elderly dogs with no sex predilection, which is consistent with previous findings [8, 22, 23] . We previously proposed that PIHS has a predilection for Pembroke Welsh Corgi [9, 25] , and the present results statistically demonstrated that Pembroke Welsh Corgi has a significantly increased risk of PIHS. Moreover, the difference in the incidence of PIHS between the present results and previous findings [22, 23] was considered to be caused by the difference in the population number of this breed in each country.
In conclusion, the present cohort study provides the current estimated prevalence of canine primary and secondary intracranial tumors in Japan. Many of the characteristics of intracranial tumors in the present study are similar to those reported previously. However, a high incidence of oligodendroglial tumors and the predisposition of Pembroke Welsh Corgi to PIHS are novel results. Since the epidemiological features of intracranial tumors may differ among breed types, these novel results are unique to Japan.
